We examine a recent suggestion by Milburn that slightly massive electron neutrinos, produced left-handed at the core of the sun, suffer geodetic precession adequate to render them right-handed (and therefore sterile) in sufficient numbers to solve the solar neutrino problem. In that light, we perform a complete, general-relativistic calculation of the geodetic spin precession of an ultrarelativistic particle in the Schwartzschild metric. We conclude that the effect is negligible, in disagreement with Milburn's analysis.
I. INTRODUCTION
Recently, Milburn [1] suggested a solution to the solar neutrino problem which does not require any assumptions beyond the existence of a small, but non-zero, mass for the electron neutrinos, consistent with experimental limits (m ν ≤ 10 eV). These neutrinos are produced in the core of the sun with typical values for γ = E ν /m ν of the order of 10 4 -10 6 . If produced eccentrically, they will suffer a small bending due to the gravitational pull of the sun. Milburn argued that these neutrinos undergo a Thomas precession of their spin given by the same formula relating the spin precession angle of charged particles in an accelerator to their bending angle [2] , Despite its ingenious simplicity, this suggestion is wrong, inasmuch as it is based on the aforementioned formula. Spin precession calculations have been carried out in the special cases of circular orbits or arbitrary orbits with small velocities (in the sense of the PPN formalism) [3] . Since both special cases are clearly inapplicable to our current application, we perform, in this letter, the complete general-relativistic calculation of the spin precession of a particle in the Schwartzschild geometry. We obtain, 2) which demonstrates that for ultrarelativistic particles, θ p ≪ θ b , and therefore unable to provide us with a satisfactory rate of left-to right-handed neutrino conversion.
II. THE CALCULATION
We consider a test particle approaching a body of mass M. Its original direction is along φ = 0, while its final direction is along the asymptote φ = π + θ b . The Schwartzschild metric is
where
2)
In the remaining analysis we use units with G = 1 = c. Instead of considering this coordinate frame, it is useful to construct an orthonormal frame (vierbein), e α µ , and its inverse e α µ , where
This frame is given by To separate orthonormal indices from coordinate indices, we will use letters from the beginning of the greek alphabet (α, β, γ, . . .) for the former, while the latter shall be denoted by greek letters from the middle of the alphabet (µ, ν, . . .). Then the components of any vector V can be expressed as
In particular, the four-velocity of the particle can be expressed as 
The spin vector of the particle will in general be Fermi-Walker transported along an arbitrary path x β (s) under external non-gravitational forces [3] ,
is the four-acceleration. However, in the absence of non-gravitational forces the four-acceleration is zero and the particle will move along a geodesic, while its spin will be parallel-transported,
Thomas precession is a purely kinematical effect which comes about when there is a non-zero four-acceleration, for instance in an electron moving around a nucleus or in an accelerator.
For a particle moving along a geodesic, the Thomas precession is identically zero. Therefore, no direct analogy with special relativistic electrodynamics can be drawn and the reasoning leading to (1.1) is incomplete.
However, the spin will still experience geodetic precession. Eq. (2.11) above becomes in components,
14)
15)
For motion in the equatorial plane, θ = π/2 and u 2 = 0. Furthermore the spin is a spacelike vector, which in the rest frame of the particle has vanishing zeroth component. Given that the four-velocity is a timelike vector with vanishing spatial components in the rest-frame of the particle implies that the spin is orthogonal to the four-velocity. This allows us to express S 0 as a linear combination of the spatial components of S, namely
Substituting into Eq. (2.14) gives three independent equations
We can simplify further the equations of motion of the spin components, in view of the non-uniqueness of this orthonormal basis {e α µ }. We can use the freedom of choosing an appropriate basis, in which the spin precession is evident. This is achieved by going to the rest frame of the particle. The basis corresponding to the rest-frame {ē α µ } is constructed through a local Lorentz transformation with the following properties: (a) the resulting zeroth component of the spin vanishes and (b) the four velocity takes on the form (1, 0). Explicitly,
Then,ē i (i = 1, 2, 3) are orthogonal to the four-velocity, and we are guaranteed to getS 0 = 0 when we resolve S along the new basis,
To construct the requisite Lorentz transformation we note that the vanishing of the α = 0 component of
together with S · u = 0, gives
Keeping in mind that a Lorentz transformation matrix satisfies
we obtain
One can similarly obtain the remaining entries to arrive at
The equations of motion for the spin components in the rest frame can be inferred from (2.18) with the aid of the equation for the vanishing of the four-acceleration,
We obtain
Next we replace the derivatives with respect to proper time with derivatives with respect to coordinate time. Recalling that
where we dropped the bars for notational simplicity, and Ω 1 = 0 = Ω 3 , while
How can we turn the knowledge of Ω into an expression for the geodetic precession angle over the whole trajectory of the particle? First, we recall that the Schwartzschild geometry admits two Killing vectors, namely . These two isometries correspond to two constants of the motion,
For a particle coming in from infinity,
Asymptotically, the Schwartzschild metric becomes Minkowskian,
We therefore obtain,
36)
the spin precession equations may be recast in the form
with solution
In the absence of gravity e(φ) = 1, and if φ i = 0, then φ f = π, whereas in the presence of gravity e(φ) = 1 and φ f = π + θ b . The total geodetic deviation is
An ultrarelativistic particle follows approximately the same geodesic as light, which to first order in m/b is given by 
Substituting into Eq. (2.40) gives
This clearly agrees with the expectation that for light (γ → ∞), there is no excess spin precession.
III. DISCUSSION
We have shown that geodetic precession of massive, initially left-handed, neutrinos moving along geodesics in the Schwartzschild geometry, cannot produce enough sterile neutrinos to solve the solar neutrino puzzle. In fact, the answer is O(∞/γ) = O( /E), and conforms with conventional field-theoretic experience, in which helicity flips vanish in the massless fermion (or ultrarelativistic) limit. However, one may argue that our analysis is steeped in the spirit of general relativity and may rely on some special features which may not be shared by some other interaction (i.e. one which does not satisfy the principle of equivalence). In such a case, it could be imagined that a small deflection due to a non-gravitational "fifth force" interaction could be amplified to yield the requisite sterilizing effect suggested by 
